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TCTRBOJET PERFORMANCE AND OPERATION AT HIGH ALTITUDES 

WITH HYDROGEN AND .JP-4 FTJELS * 
By W. A. Fleming, H. R. Kaufman, J. L. Harp, Jr., 

ERd L. J. ChelkC2 

SUMMARY 

I n  view of t h e  promising gains i n  range of fe red  by t h e  use of hy- I 

> 
I drogen f u e l  i n  h igh-a l t i tude  turboje t  a i r c r a f t ,  t h e  e f f e c t  of extremely 

high a l t i t u d e  operat ion on t h e  performance and operat ing c h a r a c t e r i s t i c s  
of two current  t u rbo je t  engines was invest igated using both gaseous hy- 
drogen and Jp-4 f u e l s .  Component and over -a l l  performance data were ob- 
ta ined  with JP-4 f u e l  over a range of a l t i t u d e s  from about 40,000 t o  
80,000 f e e t  a t  a f l i g h t  Mach number of 0.8, and with hydrogen f u e l  at  
a l t i t u d e s  from about 70,000 t o  90,000 feet  a t  t h e  same f l ight  Mach 
number. 

Tho use of hydrogen f u e l  provided stable engine operat ion t o  t h e  
f a c i l i t y  a l t i t u d e  l i m i t  of about 90,000 feet  at a f l i g h t  Mach number of 
0.8. I n  comparison, engine operation with Jp-4 f u e l  w a s  l imi ted  by com- 
bus t ion  blowout a t  a l t i t u d e s  between 75,000 and 80,000 f e e t  at a Mach 
number of 0.8. Furtherumre, combustion with JP-4 f u e l  was r e l a t i v e l y  
unstable  a t  a l t i t u d e s  above 60,000 f e e t .  
value, t h e  spec i f ic  f u e l  consumption obtained with hydrogen f u e l  w a s  
only about 40 percent of t h a t  obtained with JP-4 f u e l .  

I n  view of i t s  high heatingt 

A t  t h e  extremely high a l t i t u d e  conditions, engine performance w a s  
s i g n i f i c a n t l y  poorer than a t  low a l t i t u d e s .  
performance lo s ses  at high a l t i t u d e s  was contributed by t h e  compressor 
because of t h e  low Reynolds number, and by t h e  cumbus+,or because of l o w  
combustion e f f ic iency .  A t  a l t i t u d e s  a s  high as 75,000 feet, t h e  loss i n  
thrust amounted t o  about 1 2  percent and t h e  rise i n  spec i f i c  f u e l  con- 
sumption w a s  as much as 1 2  t o  35 percent.  
z l e  is a d e f i n i t e  necessi ty  f o r  high-al t i tude operation, s ince  f ixed-  
nozzle operation near ly  doubled the  thrust losses .  
e r a t i n g  margins of t h e  compressor and turbine shrank t o  almost nothing 
a t  extremely high a l t i t udes ,  indicat ing t h e  need .for more adequate mar- 

The major por t ion  of t h e  

A var iable-area exhaust noz- 

I n  addi t ion,  t h e  op- 

e-*" m i n e  k thc &st,--, of high-altitude e n g k e s .  

* 
T i t l e ,  Unclassified.  
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The:jg?g&i$Cmg~t t h 4 t O ~ l ~ ~ B r f : ~ ~ ~ ~ f t . f S y , ~ ~ r ~ h e ~  R Q ~  higher  has 
l e d  t o  an in tens ive  search f o r  higher  energy f u e l s  as a means of extend- 
ing  a i r c r a f t  performance. One such f u e l  t h a t  has been rece iv ing  consid- 
e rab le  a t t e n t i o n  recent ly  i s  l i q u i d  hydrogen. The ana lys i s  of reference 
1 indicates  t h e  advantages and poss ib le  appl ica t ions  of t h i s  f u e l  f o r  
very  long range h igh-a l t i tude  a i r c r a f t .  It i s  concluded t h e r e i n  t h a t  
wi th in  t h e  s ta te  of t h e  ar t  and progress an t ic ipa ted ,  turbojet-powered 
a i r c r a f t  designed f o r  liquid-hydrogen f u e l  may perform seve ra l  important 
mi l i t a ry  missions t h a t  comparable a i r c r a f t  using conventional hydrocarbon 
f u e l  cannot accomplish. One of t h e  p r i n c i p a l  advantages shown i n  refer- 
ence 1 f o r  t h e  hydrogen-fueled a i r c r a f t  i s  i t s  outstanding subsonic range 
capab i l i t y  a t  a l t i t u d e s  as high as 80,000 t o  90,000 f e e t .  

With t h e  p o s s i b i l i t y  i n  view of operat ing turbojet-powered a i r c r a f t  
a t  a l t i t u d e s  as high as 90,000 f e e t ,  t h e  need e x i s t s  f o r  research i n -  
formation on tu rbo je t  operat ional  c h a r a c t e r i s t i c s  with hydrogen f u e l ,  as 
w e l l  as engine and component performance da ta  a t  t hese  high a l t i t u d e s .  
To provide such information, two cur ren t  t u rbo je t  engines were operated 
i n  t h e  NACA L e w i s  laboratory a l t i t u d e  f a c i l i t i e s  a t  condi t ions corre-  
sponding t o  a l t i t u d e s  as high as about 90,000 fee t  a t  a f l i g h t  Mach n u -  
b e r  of 0.8.  
t h e i r  a l t i t u d e  l i m i t s .  The f u e l  i n j s c t o r s  were then  modified f o r  t h e  
use of gaseous-hydrogen f u e l ,  and t h e  engines were operated with t h i s  
f u e l  a t  a l t i t u d e s  between about 70,000 and 90,000 f e e t .  
b e t t e r  ind ica t ion  of t h e  p o t e n t i a l i t i e s  of l i q u i d  hydrogen, one of t h e  
engines w a s  a l s o  operated with a spec ia l  combustor developed a t  t h e  lab- 
oratory s p e c i f i c a l l y  f o r  operat ion with hydrogen f u e l .  
performance da ta  were obtained, and some of t h e  engine operat ing charac- 
t e r i s t i c s ,  such as engine operat ing range and compressor s t a l l  l i m i t s ,  
were determined. 

Both engines were i n i t i a l l y  operated with J p - 4  f u e l  up t o  

To ob ta in  a 

Steady-state  

These experimental da t a  are summarized i n  t h i s  r epor t  t o  i l l u s t r a t e  
t h e  engine performance and operat ing c h a r a c t e r i s t i c s  with hydrogen f u e l  
as compared with those with Jp-4 f u e l .  The over -a l l  and component per-  
formance data obtained are presented up t o  t h e  very high a l t i t u d e  con- 
d i t i o n s  a t t a i n a b l e  with hydrogen f u e l .  These da t a  ind ica t e  some of t h e  
f ac to r s  t h a t  should be considered i n  t h e  design of f u t u r e  engines i n  
order  t o  he lp  a l l e v i a t e  t h e  adverse e f f e c t  of high a l t i t u d e  on perform- 
ance and, thereby, more f u l l y  r e a l i z e  t h e  advantages of fe red  by hydrogen 
f u e l .  



m 
P 
0 
d 

Engine A 

Compressor 
I n l e t  hub-tip r a t i o  0.51 
I n l e t  guide-vane t i p  chord, i n .  1 .6  
F i r s t - s t a g e  r o t o r  t i p  chord, i n .  2.1 

F i r s t - s t a g e  r o t o r  t i p  s o l i d i t y  .85 
I n l e t  guide-vane t i p  so l id i ty  .81 

Turbine 
I n l e t  s t a t o r  mean chord, in .  1.4 
F i r s t - s t a g e  r o t o r  mean chord, i n .  1.2 
I n l e t  s t a t o r  mean s o l i d i t y  1 .8  
F i r s t - s t a g e  r o t o r  mean s o l i d i t y  1.5 

d 
3 
9 

Engine E 

0.55 
2.0 
2.2 

.82 

.94 

1.8 
1.6 
1.5 
1.4 

i" > 
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Two current  t u rbo je t  engines i n  the 7500- t o  10,000-pound-thrust 
c l a s s  were used and a r e  re fer red  t o  i n  t h i s  r epor t  as engines A and B. 
Both a re  single-spool axial-flow engines incorporat ing cur ren t  engine 
design p rac t i ce .  A few spec i f i c  features and dimensions of t h e  compo- 
nents pe r t inen t  t o  t h e  r e s u l t s  are described i n  t h e  fol lowing paragraphs. 

To ind ica t e  t h e  approximate geometry of t h e  compressor and tu rb ine  
L l n A < - , .  - 6 3  + L -  4-7 
uLaulL16 k l l c  t,wo engines investigated,  a f e w  compressor and tiii-bizie 
dimensions are presented i n  t h e  following table: 

The combustor on engine A w a s  of t h e  annular type and t h a t  on en- 
gine B w a s  cannular.  For hydrogen-fuel operat ion t h e  combustors were 
modified, and t h e  f u e l  was in j ec t ed  as shown i n  f i g u r e  1. The i n j e c t o r s  
used i n  engine A, which had a vaporizing combustor, consis ted of tubes  
bent  t o  i n j e c t  t h e  gaseous f u e l s  i n  an  upstream d i r ec t ion  ( f i g .  l(b)). 
The f u e l  i n j e c t o r s  used i n  engine B were merely open-end tubes t h a t  d i s -  
charged a stream of gaseous f u e l  downstream i n t o  t h e  combustor 
( f i g .  l ( a ) ) .  

As mentioned previously,  engine A w a s  a l s o  operated with a spec ia l  
combustor t h a t  w a s  developed i n  a segment combustor r i g  a t  t h e  Lewis 
labora tory  f o r  use s p e c i f i c a l l y  with gaseous-hydrogen f u e l .  This con- 
f i g u r a t i o n  of engine A i s  re fer red  t o  as engine A-1 .  Details of t h i s  
annular-type hydrogen combustor are shown i n  f i g u r e  2 .  One objec t  of 
th i s  design i s  t o  shorten t h e  combustor length,  which, i f  successful ,  
o f f e r s  the  p o s s i b i l i t y  of shortening the length of f u t u r e  engines in -  
tended f o r  use with hydrogen f u e l .  Therefore, i n  t h e  design of t h i s  
combustor, advantage w a s  taken of t h e  f a c t  t h a t  hydrogen has a much 
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higher flaqq. s p & ~ d A . @ r & o ~ u a . b ~ p  AQre rpp id lx  t&n .hy($qcaybon f u e l s .  
These progerties3naoe it;ao&ibJ#? t q  .ShDrQn tpe. l~$&B:of m e  combus- 
t i o n  and &xiw &n&s t o  LnXy .tvo:th9l;ds :that' df ChE. s tandard  
hydrocarbon-fueled combustor. Fuel  w a s  i n j ec t ed  through o r i f i c e s  i n  two 
concentric manifolds located within a V-gutter flameholder, which pro- 
vided a flame seat at t h e  forward end of t h e  primary burning zone. Sec- 
ondary a i r  w a s  admitted i n  t h e  conventional manner through l a rge  rec tan-  
gu lar  s l o t s  i n  t h e  l i n e r  w a l l  downstream of t h e  primary burning zone. 

I n s t a l l a t i o n  and Techniques 

Engines A and B were inves t iga ted  i n  t h e  a l t i t u d e  wind tunnel  and 
engine A-1 i n  a 10-foot-diameter a l t i t u d e  t e s t  chamber. Air w a s  sup- 
p l i e d  t o  t h e  engine i n l e t  a t  pressures  and temperatures corresponding 
t o  t h e  a l t i t u d e s  and f l i g h t  speeds being simulated. I n  a l l  cases t h e  
i n l e t  conditions were s e t  on t h e  b a s i s  of 100-percent f ree-s t ream ram-  
pressure recovery. 

Because the laboratory exhaust system w i l l  not provide a s t a t i c  
pressure i n  t h e  a l t i t u d e  f a c i l i t i e s  below t h a t  corresponding t o  an a l -  
t i t u d e  of about 60,000 t o  65,000 f e e t  (120 t o  140 lb/sq f t  abs) ,  a 
spec ia l  t e s t i n g  technique w a s  devised t o  enable s imulat ion of much higher 
a l t i t u d e s .  
t i o n a l  manner through a t a i l p i p e  and exhaust nozzle t o  t h e  co r rec t  s t a t i c  
pressure f o r  t h e  simulated a l t i t u d e ,  a long d i f f u s e r  w a s  i n s t a l l e d  on t h e  
engine as shown i n  f igu re  3. 
f i c i e n t l y  t h e  exhaust gas t o  a Mach number of about 0.2 before  discharg- 
ing it in to  t h e  tunnel  o r  t e s t  chamber. A l a r g e  b u t t e r f l y  valve i n -  
s t a l l e d  near t h e  d i f fuse r  e x i t  made it poss ib le  t o  vary t h e  pressure drop 
across  the d i f fuse r ,  and thus vary t h e  turb ine-out le t  temperature without 
changing t h e  f a c i l i t y  exhaust pressure.  

Instead of expanding t h e  turb ine  exhaust gas i n  t h e  conven- 

This d i f f u s e r  w a s  designed t o  d i f fuse  e f -  

To a id  i n  v i sua l i z ing  t h e  way t h i s  technique extended t h e  e f f e c t i v e  
a l t i t u d e  capab i l i t y  of t h e  f a c i l i t i e s ,  va r i a t ions  i n  Mach number and 
pressure through a d i f f u s e r  and through a conventional t a i l p i p e  with 
choked flow i n  t h e  exhaust nozzle are compared i n  f i g u r e  4 .  The Mach 
number progressively drops through t h e  d i f fuse r ,  reaching a value of 
about 0.2 at t h e  e x i t  as compared t o  1.0 at t h e  e x i t  of t h e  choked noz- 
z l e .  
t h e  exhaust pressure.  
t h e  choked nozzle i s  near ly  twice t h e  exhaust pressure.  
same engine speed, tu rb ine-out le t  temperature, and exhaust pressure,  t h e  
turb ine-out le t  t o t a l  pressure with t h e  d i f f u s e r  i n s t a l l e d  is  only s l i g h t -  
l y  m r e  than one-half of t h a t  with t h e  standard t a i l p i p e  and convergent 
nozzle. 
t h e  a l t i t u d e  l i m i t  of t h e  f a c i l i t y  by near ly  15,000 feet above t h a t  f o r  
operation with t h e  exhaust nozzle choked. 

As a r e s u l t ,  t h e  d i f fuser -ex i t  t o t a l  pressure is near ly  equal t o  

Thus, f o r  t h e  
I n  cont ras t ,  t h e  t o t a l  p ressure  at  t h e  e x i t  of 

This reduct ion i n  turb ine-out le t  pressure e f f e c t i v e l y  increases  
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Thus, d i f  f u @ g  the. gxkaust &s iP.th& ruauwm be€srem dJscharging 
it from t h e  taZl$i@.#eEmi't%ed o&e&fion 'of. t h e  e&ne : w i t h  th.e furbine-  
o u t l e t  t o t a l  pFes%&e:ok+ g$igh%S$ h5gf'lemtha~otfie p r & s k  h a t h e  wind 

turb ine-out le t  t o t a l  pressure and free-stream s t a t i c  pressure  that nor- 
mally e x i s t s  across  t h e  exhaust nozzle was u t i l i z e d  t o  extend t h e  max- 
imum simulated a l t i t u d e  of the  f a c i l i t i e s .  It should be evident  that ,  
with t h i s  technique, minimum d i f f u s e r  pressure lo s ses  and minimum 
d i f fuse r - ex i t  ve loc i ty  w i l l  provide maxinun gains i n  t h e  a l t i t u d e  l i m i t s  
of t h e  f a c i l i t i e s .  

+ tunnel or t e s t  chamber. Consequently, most of t h e  d i f fe rence  between 

When t h i s  technique i s  ssed, t h rus t  cannot be measured d i r e c t l y .  
Therefore, t h e  t h r u s t  values presented herein were computed from gas 
flow and turb ine-out le t  t o t a l -p re s su re  and total- temperature  measure- 
ments. To obtain t h e  cor rec t  t h r u s t  values, t h e  pressure lo s ses  meas- 
ured between t h e  tu rb ine  and t h e  exhaust nozzle of the s tandard t a i l p i p e  
configurat ions a t  low-al t i tude conditions were co r re l a t ed  with turb ine-  
o u t l e t  Mach number. Turbine-outlet  t o t a l  pressure w a s  t hen  adjusted a t  
each operat ing condition by subt rac t ing  the  t a i l p i p e  pressure  loss f o r  
t he  corresponding turb ine-out le t  Mach number. 
t h e  t a i l p i p e  pressure lo s ses  w i t h  a l t i t u d e  i s  shown i n  t h e  sec t ion  en- 
t i t l e d  Tai lpipe.  

A t y p i c a l  v a r i a t i o n  of 

Instrument at  ion 

Detai led surveys of temperature and pressure w e r e  made throughout 
t h e  engines t o  provide t h e  measurements necessary t o  compute t h e  per- 
formance of each component as wel l  as over-all  engine performance. The 
loca t ion  of t h e  measuring s t a t i o n s  and the number of pressure  and tem- 
pera ture  probes i n s t a l l e d  a t  each s t a t i o n  throughout t h e  engines a r e  
indicated i n  f i g u r e  3 .  (All symbols and s t a t i o n s  are defined i n  t h e  
appendix.) 
p r i n c i p a l l y  of severa l  r a d i a l  survey rakes. I n  add i t ion  t a  t h e  steady- 
state instrumentation, t r a n s i e n t  to ta l -pressure  measurements were ob- 
ta ined  a t  t h e  compressor i n l e t  and out le t  of engines A and B f o r  use i n  
determining the  compressor s t a l l  l i n e s .  The Jp-4 f u e l  f low w a s  measured 
by rotometers,  and gaseous-hydrogen f u e l  flow w a s  measured by ca l ib ra t ed  
o r i f  i c e s .  

The instrumentation a t  each measuring s t a t i o n  consis ted 

One f e a t u r e  of t h e  s teady-s ta te  instrumentation t h a t  i s  of p a r t i c -  
u l a r  importance i s  t h e  design of shielded thermocouples used t o  measure 
exhaust-gas temperature. It i s  reported i n  reference 2 t h a t  t h e  rad ia-  
t i o n  e r r o r  of a thermocouple in s t a l l ed ' i n  a hot-gas stream where t h e  
gas temperature i s  considerably higher than t h e  w a l l  temperature becomes 
s u b s t a n t i a l  a t  very low pressures .  It i s  a l s o  shown t h a t ,  by properly 
sh ie ld ing  and asp i r a t ing  t h e  t h ~ ~ ~ ~ c n ~ p l e ,  e s s e a t i a l l y  211 +-Cl- " L A G  I C A U L L L L U A U L I  --A: n+z -- 
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To i l l u s t r a t e  t h e  magnitude of t h e  r ad ia t ion  e f f e c t  on t h e  thermo- 
couple and, thus,  t h e  importance of using properly shielded thermocou- 
p l e s  a t  very high a l t i t u d e s ,  t h e  va r i a t ions  of shielded-thermocouple and 
shielded-aspirated-thermocouple readings with pressure  a r e  compared i n  
t h e  following p l o t  f o r  operat ion a t  a gas temperature of 1600' R i n  a 
conventional uninsulated t a i l p i p e :  

Thermocouple 

Shielded 
Shielded-aspirate(  -- 

0 1200 1600 
Tai lp ipe  t o t a l .  pressure,  lb / sq  f t  

A t  a pressure of 100 pounds per  square f o o t ,  which corresponds t o  t h e  
turb ine-out le t  pressure a t  an  a l t i t u d e  of about 90,000 f e e t  and a f l i g h t  
Mach number of 0.8, t h e  shielded thermocouple read near ly  looo F lower 
than  the shielded-aspirated thermocouple. 

The tu rb ine -ou t l e t  instrumentat ion used va r i ed  from one engine t o  
another, with both types  of thermocouples being used. However, a l l  
tu rb ine-out le t  temperature measurements were cor rec ted  f o r  t h e  r ad ia t ion  
e r r o r  i n  order  t o  correspond t o  temperatures measured by t h e  shielded- 
asp i ra ted  thermocouples. 

PROCEDURE 

Performance data using Jp-4 f u e l  were obtained on engines A and B 
over a range of a l t i t u d e s  from about 40,000 t o  80,000 f ee t  a t  a Mach num- 
be r  of 0.8. 
t h r e e  engines were obtained a t  a l t i t u d e s  between 70,000 and 90,000 fee t  
a t  a Mach number of 0.8. Compressor s ta l l  l i n e s  were a l s o  obtained on 
engines A and B over t h e  e n t i r e  range of a l t i t u d e s  inves t iga ted .  A t  
each f l i g h t  condi t ion t h e  engines were operated over a range of corrected 

Using gaseous-hydrogen f u e l ,  t h e  performance data of a l l  
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speeds from about 8 7  geysen$ o r  Sta11,~mited.~eedeta;L09.percent  of 
r a t ed  speed. py:@Yi&&ifi& t h e  :diT&rfgxit % a h ,  &r&ne-bu$et t e m -  
pera ture  w a s  vasfea & ‘ e a c h : a & % : s ~ a d  &hb$ l indh&*ra+e  down 
t o  t h e  minimum temperature obtainable  with t h e  d i f f u s e r  valve wide open. 
Engine-inlet  temperature w a s  maintained a t  about -20° F f o r  a l l  
operat ions.  

The engines were s t a r t e d  and operated i n  t h e  conventional .manner 
when using JT-4 f u e l .  However, some spec ia l  techniques w e r e  employed 
~ L L U  speLiai pi-ecautioris cj’uderveci when operating with hydrogen r u e 1  . 
Pr io r  t o  s t a r t i n g  t h e  engines, t h e  gaseous-hydrogen l i n e s  were complete- 
l y  purged with helium. The s ta r t i -ng  sequence consist.ed of first wic6- 
mi l l ing  t h e  engine t o  about 20 percent of r a t e d  speed, then  energizing 
t h e  standard spark i g n i t i o n  system, and f i n a l l y  opening t h e  f u e l  valve.  
S t a r t i n g  t h e  engine i n  t h i s  manner resu l ted  i n  smooth and r e l i a b l e  ig -  
n i t i o n  with no f a l s e  starts.  S t a r t s  were genera l ly  made between a l t i -  
tudes of 45,000 and 55,000 f e e t .  

.--.A -...,--.. 

I n  t h e  s t a r t i n g  sequence it i s  of pa r t i cu la r  importance t h a t  t h e  
i g n i t i o n  system be  energized p r i o r  t o  h t roduc ing  t h e  hydrogen f u e l  i n t o  
t h e  combustor. I n  one case where t h e  fue l  w a s  introduced before  t h e  

subsequent inspect ion of t h e  engine revealed no damage, t h i s  method of 
s t a r t i n g  i s ,  of course, undesirable.  

- spark w a s  energized, i g n i t i o n  occurred with a loud r epor t .  Although 

c 

RESULTS AND DISCUSSION 

Al t i tude  Operating L i m i t s  

Because gaseous hydrogen has very wide combust-Jn s t a b i l i t y  l i m i t s ,  
i t s  u s e  as a tu rbo je t  f u e l  provides a subs t an t i a l  increase  i n  a l t i t u d e  
operat ing l i m i t s  above those obtained using t h e  conventional JP-4 f u e l ,  
as shown i n  f i g u r e  6. The maximum operable a l t i t u d e  of bo th  engines A 
and B, when operat ing with Jp-4 f u e l  under i d e a l  and c a r e f u l l y  cont ro l led  
condi t ions,  occurred between a l t i t u d e s  of 76,000 and 82,000 f e e t  a t  a 
f l i g h t  Mach number of 0.8. However, with hydrogen f u e l  t h e  engines could 
be operated i n  t h e  conventional manner up t o  t h e  a l t i t u d e  l i m i t  of t h e  
f a c i l i t i e s ,  which w a s  about 90,000 f e e t  a t  a Mach number of 0.8. A t  t h i s  
f l i g h t  condi t ion t h e  pressure i n  t h e  combustors w a s  about 450 pounds per  
square f o o t .  The minimum operable speed of both engines above an a l t i -  
tude of about 60,000 f e e t  w a s  l imi t ed  by compressor s t a l l .  Two maximum- 
speed l i m i t s  a r e  shown i n  f i g u r e  6.  One i s  r a t ed  mechanical speed, which 
i s  obtainable  a t  high a l t i t u d e s  only when t h e  exhaust-nozzle area i s  i n -  
creased t o  prevent overheating t h e  turbine.  The o ther  l i m i t  i s  maximum 
engine speed as r e s t r i c t e d  by turb ine-out le t  temperature when operat ing 
with a f ixed-area exhaust nozzle. The ~xhxi1st.-nnzz1e area represected 
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by th is .  J i & t  mW36. thBma3iea &at .yould ,provi.de ,IJmi. t ipg t Urbine-outlet 
temperttdre .a€ r$tedmbpe&d E& a&%l%i-fude bf 4 0 , m  geet with Jp-4 f u e l  
used. *& &swr for:th& biSl?eEem:e im e&tant-&o&fe.&rea operat ing 
limits f o r  t h e  two f u e l s  i s  associated with d i f fe rences  i n  exhaust-gas 
proper t ies ,  as w i l l  be discussed f u r t h e r  i n  t h e  sec t ion  Over-all  Engine 
Performance . 

m..m 

Hydrogen f u e l  provided much more s t a b l e  combustion a t  high a l t i t u d e s  
than d i d  Jp-4 f u e l .  For example, when operat ing with Jp-4  f u e l  a t  a l t i -  
tudes above 60,000 t o  65,000 feet, combustion w a s  e r r a t i c  and very care-  
f u l  t h r o t t l e  manipulation w a s  required t o  minimize t h e  p o s s i b i l i t y  of 
combustion blowout. Even when c a r e f u l l y  con t ro l l i ng  t h e  f u e l  flow, ran- 
dom blowouts occurred a t  a l t i t u d e s  above about 60,000 f e e t  . Therefore, 
it might be s t a t e d  t h a t  t h e  p r a c t i c a l  a l t i t u d e  operat ing l i m i t  wi th  Jp-4 
f u e l  w a s  a t  an a l t i t u d e  of about 60,000 feet, even though combustion 
could be sustained at  a l t i t u d e s  up t o  80,000 f e e t .  

I n  cont ras t ,  when operat ing with hydrogen f u e l ,  t h e  f u e l  flow could 
be  quickly modulated i n  a manner normally used during low-a l t i tude  oper- 
a t ion  without causing blowout. There were even a number of ins tances  
where combustion continued through compressor surge encounters and 
recoveries .  - 

. 
Over-All Engine Performance 

Increases  i n  a l t i t u d e  up t o  t h e  engine or  f a c i l i t y  operat ing l i m i t s  
r esu l ted  i n  performance s u b s t a n t i a l l y  below t h e  values pred ic ted  on t h e  
bas i s  of low-a l t i tude  data ,  assuming an absence of any adverse a l t i t u d e  
o r  Reynolds number e f f e c t s .  The performance lo s ses  encountered with en- 
gines A and B are indica ted  i n  f i g u r e  7 f o r  operat ion with both f u e l s  a t  
a f l i g h t  Mach number of 0.8. 
corrected ne t  t h r u s t  and corrected s p e c i f i c  f u e l  consumption with a l t i -  
tude f o r  f ixed-  and variable-exhaust-nozzle-area operat ion and t h e  
exhaust-nozzle-area v a r i a t i o n  required f o r  rated-speed and l imi t ing-  
temperature operat ion a t  a l l  a l t i t u d e s .  
and nozzle area are referenced t o  those  f o r  r a t e d  speed and l imi t ing  
turbine-out le t  temperature operat ion a t  an a l t i t u d e  of 40,000 f e e t .  

This f i g u r e  shows t h e  v a r i a t i o n s  of maximum 

Values of corrected net  t h r u s t  

One important comparison i l l u s t r a t e d  i n  f i g u r e  7 i s  the  l a rge  r e -  

I n  general ,  t h e  s p e c i f i c  f u e l  consumption w a s  re- 
duction i n  s p e c i f i c  f u e l  consumption provided by t h e  hydrogen f u e l  below 
t h a t  f o r  Jp-4 f u e l .  
duced as much as 60 t o  65 percent below t h a t  obtained with Jp-4 f u e l .  
When operat ing a t  a given condition, t h e  maximum net  t h r u s t  obtained 
with hydrogen f u e l  w a s  higher than t h a t  obtained with Jp-4 f u e l .  Like- 
wise, t h e  exhaust-nozzle area f o r  rated-speed and l imiting-temperature 
operation w a s  smaller when operat ing with hydrogen f u e l .  These d i f f e r -  
ences a r e  due t o  d i f fe rences  i n  both f u e l - a i r  r a t i o  and p rope r t i e s  of 
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combustion products of t h e  two f u e l s .  The d i f fe rences  in gas p rope r t i e s  
a f f e c t  t u rb ine  and t a i l p i p e  operating points ,  so t h a t  t h e  tu rb ine -ou t l e t  
Mach numbers and t a i l p i p e  pressure losses are reduced with hydrogen. 
A s  is  shown i n  t h e  sec t ion  Tai lpipe,  turbine-out le t  Mach numbers and 
t a i l p i p e  lo s ses  were higher f o r  engine A than f o r  engine B, thus increas-  
i n g  t h e  t h r u s t  more f o r  engine A when hydrogen w a s  used i n  place of 
JT-4 Tiel.  

Another important comparison shown i n  f igu re  7 i s  t h e  r e l a t i v e  per-  
n _ _ _ _ ^ _ _ _  - -^^ -  m > - - - >  L u L  u1aiic.t: ut= ~ w e c i i  I u e u -  aid t--i~l~"ule-ejitiaiist-nozzle ~ p ~ ~ ~ t l ~ i i .  Q ~ r a t i ~ i i  
with a fixed-exhaust-nozzle area up t o  an a l t i t u d e  of 80,000 feet  re- 
su l t ed  i n  net  t h r u s t  l o s ses  as g rea t  as 20 t o  30 percent of t he  cor rec ted  
reference t h r u s t  with s i m i l a r  increases i n  s p e c i f i c  f u e l  consumption. 
These performance lo s ses  with a fixed-area exhaust nozzle are a t t r i b u t -  
ab le  t o  two f ac to r s :  t h e  reduction i n  component performance due t o  t h e  
adverse e f f e c t s  of a l t i t u d e  o r  Reynolds number; and t h e  r e s u l t a n t  s h i f t  
i n  t h e  engine operating point  t o  reduced engine speeds f o r  l i m i t i n g  
turb ine-out le t  temperature operat  ion.  S h i f t i n g  the  engine operat ing 
poin t  t o  rated speed while increasing exhaust-nozzle area t o  hold 
turb ine-out le t  temperature constznt made it poss i3 le  t o  rega in  about 10 
percent  i n  ne t  t h r u s t  or  about one-third t o  one-half of the t h r u s t  loss  
a t  an a l t i t u d e  of 80,000 f e e t .  T h i s  s h i f t  i n  operat ing poin t  w a s  accom- 
panied by a very s l i g h t  reduction i n  spec i f ic  f u e l  consumption, thus  
ind ica t ing  l i t t l e  change i n  component o r  cycle  e f f ic iency .  It i s  the re -  
f o r e  evident t h a t  t h e  var iable-area exhaust nozzle i s  an important com- 
ponent of an engine designed f o r  high-al t i tude operation. 

These gains i n  t h r u s t  t h a t  resul ted from s h i f t i n g  t h e  operat ing 
poin t  t o  rated speed by increasing exhaust-nozzle a rea  are mainly at- 
t r i b u t a b l e  t o  a s h i f t  i n  t h e  compressor operat ing point  t o  a higher a i r -  
flow condi t ion.  This s h i f t  i s  i l l u s t r a t e d  on t h e  compressor maps f o r  
both engines i n  f igu re  8. The rated-speed and l imiting-temperature oper- 
a t i n g  condi t ion a t  an a l t i t u d e  of 40,000 feet i s  ind ica ted  by point  A 
( f i g s .  8 (  a )  and ( c )  ) . The s h i f t  i n  compressor operat ion t o  t h e  reduced- 
speed condi t ion shown by point  B ( f i g s .  8(b)  and (a ) )  a t  an a l t i t u d e  of 
70,000 f e e t  r e su l t ed  from t h e  adverse e f f ec t  of a l t i t u d e  on compressor 
and tu rb ine  performance, as mentioned previously.  Opening t h e  exhaust 
nozzle t o  permit rated-speed operat ion then  s h i f t e d  compressor operat ion 
t o  point  C ,  which w a s  accompanied by an increase i n  corrected a i r  flow 
of about 8 t o  10 percent,  a s l i g h t  increase i n  pressure r a t i o ,  and a 
reduct ion of about 0.02 t o  0.04 in  compressor e f f ic iency .  

From t h e  over -a l l  performance data thus f a r  presented, it is  read- 
i l y  apparent t h a t  l a rge  reductions i n  spec i f ic  f u e l  consumption are 
a t t a i n a b l e  by t h e  use of hydrogen fue l .  However, when engine operat ion 
w a s  extended t o  t h e  extremely high a l t i t udes  afforded by t h e  use of 
hydrogen f u e l ,  l a rge  losses  i n  thrust and s p e c i f i c  fuel  consumpt.ion 
occurred. The t h r u s t  losses  became fur ther  amplified f o r  engine 
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operation with a f ixed-area exhaust nozzle, where maximum engine speed 
a t  high a l t i t u d e s  w a s  l imi ted  below ra t ed  speed t o  avoid overheating 
t h e  turbine.  Thus, a var iable-area exhaust nozzle becomes a necessary 
engine component t o  enable attainment of maximum t h r u s t  when operat ing 
a t  extremely high a l t i t u d e s .  

Component Performance 

Because t h e  ove r -a l l  performance lo s ses  associated with operat ion 
a t  extremely high a l t i t u d e s  a r e  la rge ,  t h e  da ta  should be examined i n  
fu r the r  de t a i l  t o  determine t h e  extent t o  which each component cont r ib-  
u t e s  t o  t hese  losses ,  and whether t he re  a r e  any poss ib le  avenues f o r  
a l l e v i a t i n g  t h e  l a rge  a l t i t u d e  e f f e c t s  i n  f u t u r e  engines. 
t h a t  each component contributed t o  t h e  losses i n  ove r -a l l  engine per-  
formance at high a l t i t u d e s  i s  shown i n  f i g u r e  9 f o r  operat ion with Jp-4 
f u e l  at r a t ed  speed and l imi t ing  turb ine-out le t  temperature. More than  
ha l f  of t h e  t h r u s t  l o s ses  a t  high a l t i t u d e s  r e su l t ed  from reduced com- 
pressor  performance, which consis ted p r inc ipa l ly  of a drop i n  a i r  flow. 
The th rus t  l o s ses  d i r e c t l y  chargeable t o  reduced tu rb ine  e f f i c i ency  were 
r e l a t i v e l y  s m a l l ,  although, as w i l l  be  discussed i n  t h e  sec t ion  Tai lpipe,  
t h e  reduced turb ine  e f f i c i ency  w a s  a l s o  r e f l e c t e d  i n  an increase i n  t a i l -  
p ipe  pressure l o s s .  

The po r t ion  

tP 
C 
u . 

Reductions i n  combustion e f f i c i ency  accounted f o r  one-half t o  two- 
The t h i r d s  of t he  r i s e  i n  spec i f i c  f u e l  consumption a t  high a l t i t u d e s .  

remainder of t h i s  r ise w a s  contr ibuted about equal ly  by compressor e f f i -  
ciency, tu rb ine  e f f ic iency ,  and t a i l p i p e  pressure loss. 

Similar da ta  comparing t h e  cont r ibu t ions  of each component t o  t h e  
specific-fuel-consumption lo s ses  f o r  c ru i se  t h r u s t  operat ion are shown 
i n  f igure  10. Also shown i n  t h i s  f i g u r e  are t h e  engine-speed reduct ions 
required a t  a l t i t u d e  f o r  operat ion a t  minimum spec i f i c  f u e l  consumption. 
The losses  i n  spec i f i c  f u e l  consumption a t  t h e  c r u i s e  condi t ion f o r  en- 
gine A were about t he  same as those at maximum t h r u s t  with t h e  combustion 
e f f ic iency  accounting f o r  about one-half of t h e  l o s s .  However, t h e  
lo s ses  f o r  engine B a t  c ru i se  conditions were near ly  twice those a t  max- 
imum t h r u s t ,  p r inc ipa l ly  because of t h e  g rea t e r  a l t i t u d e  s e n s i t i v i t y  of 
t h e  compressor and turb ine  a t  t h e  reduced engine speeds required t o  min- 
i m i z e  spec i f ic  f u e l  consumption. 

The magnitude of t h i s  engine-speed reduct ion f o r  engine B amounted 
t o  nearly 10 percent over an a l t i t u d e  range from 40,000 t o  75,000 f e e t  
( f i g .  1 0 ( b ) ) ,  whereas t h e  magnitude of t h e  speed reduct ion f o r  engine A 
w a s  l e s s  than  half  as much ( f i g .  l O ( a ) ) .  
speed a t  a l t i t u d e  were required p r inc ipa l ly  t o  avoid t h e  high t a i l p i p e  
pressure lo s ses  a t  high a l t i t u d e s  when t h e  engine w a s  operat ing a t  f u l l  
speed and reduced turb ine  temperature. 

These reduct ions i n  engine 

Even though engine A had t h e  
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highest  ta i lpLpe pressure losses ,  t h e  speed reduct ion a t  high a l t i t u d e s  
w a s  g rea t e s t  f o r  engine B, which resul ted from t h e  comparative insens i -  
t i v i t y  of t h e  air flow of compressor B t o  engine-speed changes near r a t ed  
speed. 

From these  da t a  it i s  apparent that  t h e  g rea t e s t  gains i n  perform- 
ance a t  a l t i t u d e  can be o5tained by improvements i n  compressor and com- 
bustor  performance. Although turb ine  e f f ic iency  cont r ibu tes  only 2 o r  
3 percent of t h e  l o s s  i n  t h r u s t  and spec i f ic  f u e l  consumption a t  an 

w i l l  a lso be  r e f l ec t ed  by reduced t a i l p i p e  pressure lo s ses .  
a~Lt i tude  a5 liigkl a5 7 c  nnn S - - L  _ _ _ _  

I J ,WU I C C ~ ,  a r l y  iuiprvveutjuts iii t i i r b i i ~ e  ~ f f l ~ i e n ~ j r  

Having ind ica ted  t h e  r e l a t i v e  influence of t h e  var ious component 
performance var iab les  on t h e  high-al t i tude performance lo s ses  of t hese  
two engines, t h e  succeeding discussion w i l l  present  t h e  performance of 
each component over a range of a l t i t udes .  I n  addi t ion,  t h e  data f o r  
each component a r e  examined with a view toward ind ica t ing  some of t h e  
important f a c t o r s  t h a t  might be considered i n  t h e  design of fu tu re  en- 
gines t o  a l l e v i a t e  t h e  adverse a l t i t ude  e f f e c t s  and provide higher a l -  
t i t u d e  cpera t ing  ce i l i ngs .  

Compressor. - The va r i a t ions  of compressor e f f i c i ency  and corrected 

Increasing t h e  a l t i t u d e  from 40,000 t o  85,000 f e e t  re- 
a i r  flow with a l t i t u d e  a r e  shown i n  f igure 11 f o r  both engines a t  r a t ed  
cor rec ted  speed. 
duced t h e  compressor e f f i c i enc ie s  about 9 percentage poin ts  and lowered 
t h e  cor rec ted  a i r  flow by 10 t o  15 percent. 

Ef fec ts  of a l t i t u d e  on the  s t a l l - l i m i t  l ines  of t h e  two compressors 
a r e  shown i n  f igu re  1 2 .  
of t h e  s t a l l  l i n e  and, thus,  reduction i n  pressure r a t i o  margin, as t h e  
a l t i t u d e  w a s  increased. For example, increasing t h e  a l t i t u d e  from 
40,000 t o  80,000 f e e t  reduced t h e  pressure r a t i o  margin of both engines 
by about 7 0  percent a t  r a t ed  corrected speed. It should a l so  be  noted 
t h a t  as a l t i t u d e  w a s  increased, t h e  low-speed end of t h e  s t a l l  l i n e  in-  
t e r s e c t e d  t h e  s teady-s ta te  operating l i n e  a t  progressively higher engine 
speeds, thus  r e s t r i c t i n g  operation only t o  very high engine speeds a t  
high a l t i t u d e s  as shown i n  f igu re  6.  

These da ta  show a very s i g n i f i c a n t  depression 

Because va r i a t ions  i n  compressor performance with a l t i t u d e  are as- 

However, be- 
sociated with Reynolds number e f f ec t s ,  campressor performance might 
r i g h t f u l l y  be  presented as a funct ion o f  Reynolds number. 
cause of t h e  complex nature  of t he  f l o w  throilgh t h e  many compressor 
s tages ,  no Reynolds number i d e n t i f i e d  with a s p e c i f i c  l oca t ion  within 
t h e  compressor can be co r rec t ly  referred t o  as t h e  Reynolds number on 
which t h e  performance va r i a t ion  with a l t i t u d e  i s  so le ly  dependent. Gen- 
e r a l l y ,  t h e r e  is  l i t t l e  increase i n  Reynolds number from t h e  f i r s t  t o  
t h e  1 ast st.ages of a compressor, hecause t h e  increase i n  rlen.si.t,y throi-i-gh 
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a compressor i s  near ly  o f f s e t  by t h e  increase i n  v i s c o s i t y  and reduct ion 
i n  compressor blade dimensions. Therefore, because t h e  first s tage  
plays a c r i t i c a l  r o l e  i n  determining ove r -a l l  compressor performance, 
and because t h e  f i r s t - s t a g e  i n l e t  conditions a r e  most e a s i l y  measured, 
using a f i r s t - s t age - ro to r  Reynolds number as a representa t ive  value f o r  
t h e  complete compressor i s  becoming conventional when present ing over- 
a l l  compressor performance va r i a t ions  with Reynolds number. This Reyn- 
o lds  number i s  based on r e l a t i v e  t i p  ve loc i ty  and mean b lade  chord of 
t h e  f i r s t - s t a g e  ro to r  blades.  

The va r i a t ion  of compressor performance with t h i s  f i r s t - s t a g e - r o t o r  
Reynolds number i s  shown i n  f i g u r e  13 f o r  operat ion a t  r a t e d  corrected 
speed. To enable comparisons of t h e  performance t rends  with Reynolds 
number for  compressors having s i g n i f i c a n t  va r i a t ions  i n  geometry, da t a  
are included f o r  two o ther  compressors i n  addi t ion  t o  those of engines 
A and B. Engine C i s  a 10,000-pound-thrust engine of cur ren t  design, 
and compressor D i s  t h e  experimental NACA compressor of reference 3. 
The s ign i f i can t  geometry d i f fe rences  among t h e  compressors are i n  f i rs t -  
s tage  blade chords and t i p  s o l i d i t i e s  as indicated on t h e  f igu re .  It 
should also be noted t h a t  compressor D i s  a t ransonic  compressor, while 
t he  others a r e  subsonic compressors. 
e f f ic iency  and a i r  flow decrease with Reynolds number v a r i e s  among t h e  
five.cornpressors, t h e  general  t rends a r e  s i m i l a r ,  with t h e  performance 
f a l l i n g  rap id ly  a t  Reynolds numbers below 200,000 t o  300,000. 
o lds  number w a s  reduced, t h e  a i r  flow and e f f i c i ency  of t h e  t ransonic  
compressor decreased a g rea t e r  amount than those  of t h e  o the r s .  Con- 
sequently, when r e fe r r ed  t o  t h e  sea- leve l  performance values ,  t h e  l a rge  
Reynolds number e f f e c t s  would become even more evident .  

Although t h e  r a t e  a t  which t h e  

As Reyn- 

Although t h e  general  t rend  of performance with Reynolds number i s  
t h e  same f o r  a l l  t h e  compressors, t he re  were, however, l a rge  d i f fe rences  
among the compressors i n  t h e  a c t u a l  quan t i t a t ive  performance loss at a 
given Reynolds number. These d i f fe rences  i n  Reynolds number s e n s i t i v i t y  
i l l u s t r a t e  t he  danger of using d i r e c t l y  t h e  da ta  presented here in  t o  pre-  
d i c t  the  a l t i t u d e  o r  Reynolds number e f f e c t s  on similar s i z e  compressors 
of d i f f e ren t  o r  l e s s  conventional design. 

Some general  observations can be made from these  da ta  concerning 
possible  design considerat ions t h a t  might make f u t u r e  compressors l e s s  
s ens i t i ve  t o  h igh-a l t i tude  operation. It appears t h a t  a general  t rend  
toward la rger  s i z e  engines should reduce t h e  a l t i t u d e  e f f e c t s  on com- 
pressors,  which may be explained by t h e  f a c t  t h a t  t h e  Reynolds number 
va r i e s  proportionately with some s i g n i f i c a n t  dimension wi th in  t h e  com- 
pressor .  It w a s  demonstrated i n  t h e  experiment of reference 4 t h a t  t h e  
a l t i t u d e  e f f e c t  on a given compressor i s  purely a func t ion  of Reynolds 
number. Consequently, i f  engine s i z e  i s  increased, t h e  Reynolds number 
a t  a given operating condition w i l l  be  correspondingly r a i sed .  
performance w i l l  thereby improve i n  much t h e  s a m e  manner as t h e  

The 
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performance t rends  with Reynolds number ( f i g .  13). This po in t  i s  fur- 
t h e r  supported by reference 5, wherein the  performance of f i v e  aerody- 
namically similar compressor r o t o r s  and s t a t o r s  w a s  successfu l ly  cor re-  
l a t e d  with Reynolds number. However, t h e  da t a  presented here in  f o r  
severa l  compressors of d i f f e r e n t  aerodynamic design f a i l e d  t o  general-  
i z e  with Reynolds number, which suggests tha t  t h e  performance v a r i a t i o n s  
with a l t i t u d e  o r  Reynolds number are also a func t ion  of some geometric 
o r  aerodynamic va r i ab le  of t h e  compressor. Consequently, t he re  appears 
t o  be some cmpressor  design va r i ab le  i n  add i t ion  t o  increased s i z e  t h a t  
w i l l  r e l i e v e  t h e  a l t i t u d e  e f f e c t  on performance. 

Tvzb’Lne. - TpLe 7-  n S  “ C S  A n ”  va,,auAVl13 of c o r r e c t e d  t u rb ine  gas flow arid e f f i -  
ciency with a l t i t u d e  a r e  shown i n  f igure 14 f o r  both engines operat ing 
a t  r a t e d  engine speed and l imi t ing  turbine temperature.  Performance 
va r i a t ions  with a l t i t u d e  a r e  remarkably s i m i l a r  f o r  t h e  two engines. 
As t h e  a l t i t u d e  w a s  increased from 40,000 t o  85,000 feet ,  t h e  tu rb ine  

1 1 
ef f i c i ency  dropped 65 t o  7 2  percentage poin ts  and t h e  corrected gas flow 

decreased 7 percent .  As  has been found i n  o ther  inves t iga t ions ,  t u rb ine  
performance w a s  less s e n s i t i v e  t o  a l t i t u d e  than  w a s  compressor 
performance. 

N o  attempt i s  made t o  present  turbine performance as a func t ion  of 
Reynolds number as w a s  done f o r  t h e  compressor. Such a co r re l a t ion ,  
which should l o g i c a l l y  be made a t  constant cor rec ted  tu rb ine  speed and 
pressure r a t i o  o r  corrected work output, becomes v i r t u a l l y  impossible 
when t h e  tu rb ine  d a t a  are obtained i n  an engine. The reason f o r  t h i s  
d i f f i c u l t y  is  t h a t  as t h e  a l t i t u d e  i s  increased, t h e  pressure  r a t i o s  o r  
corrected work outputs  a t  which t h e  turbine can be operated at a given 
corrected turb ine  speed l ikewise increase.  Consequently, l a rge  and 
somewhat questionable ex t rapola t ions  would be necessary t o  c o r r e l a t e  
t u rb ine  performance with Reynolds number a t  constant  t u rb ine  operat ing 
condi t ions.  

E f fec t s  of  a l t i t u d e  on t h e  turb ine  work l i m i t  are shown i n  f i g u r e  
15. The tu rb ine  work l i m i t ,  which i s  somet imes  r e fe r r ed  t o  as tu rb ine  
l imit ing-loading,  i s  t h e  maximum work output t h a t  can be obtained with 
given tu rb ine - in l e t  condi t ions.  The c h a r a c t e r i s t i c s  of tu rb ine  flow 
t h a t  s o  l i m i t  t h e  work output are explained i n  reference 6 .  

The margin between t h e  turb ine  operating l i n e  and work l i m i t  shown 

(1) The l imit ing-loading l i n e  o r  
i n  f i g u r e  15 rap id ly  diminishes above a l t i t u d e s  of 50,000 t o  60,000 f e e t .  
This reduct ion i s  due t o  two f ac to r s :  
ava i l ab le  enthalpy drop per pound of gas decreases a t  a l t i t u d e  because 
of t h e  reduced turb ine  e f f ic iency;  and ( 2 )  t h e  operat ing l i n e  o r  work 
per  pound of a i r  required t o  dr ive  t h e  compressor increases  a t  a l t i t u d e  
I.---..-- hP +LA %.,.a..--a -^...--^-I-- -*4=-*-: ----- ucLauac V I  u u c  A cuuLcu L u u l p I  C D D V I  C L L i L A C L l L y  . Renee, an a l t i t u d e  iliiiit 



of the  tu rb ine  i s  eventual ly  reached. A t  high a l t i t u d e s  t h e  turb ine  
operating l i n e s  of both engines r ap id ly  approached t h e  work l i m i t  of 
t h e  turbine.  The reduct ion i n  tu rb ine  loading and, thus ,  t h e  increased 
turbine operat ing margin with hydrogen f u e l ,  r e s u l t s  from favorable  
changes i n  gas proper t ies .  These changes i n  gas p rope r t i e s  enable t h e  
turbine t o  e x t r a c t  a given amount of work per pound of a i r  flow with a 
lower temperature drop across  t h e  tu rb ine  and, thus,  a lower value of 
corrected enthalpy drop. 
t h i s  reduction i n  corrected enthalpy drop permits operat ion t o  higher 
a l t i t u d e s  with hydrogen f u e l  before  t h e  turb ine  work l i m i t  i s  encountered. 

The reduced turb ine  loading r e s u l t i n g  from 

It appears t h a t  f o r  hydrogen-fuel operat ion ne i the r  engine wauld 
be  capable of operat ing much above an a l t i t u d e  of about 90,000 f e e t .  
Thus, it i s  important i n  t h e  design of very high a l t i t u d e  engines t h a t  
a t t en t ion  be given t o  providing s u f f i c i e n t  margin between t h e  turb ine  
operating l i n e  and work l i m i t  t o  enable s a t i s f a c t o r y  operation, even 
i n  the  environment of very low Reynolds numbers. 

Although tu rb ine  performance w a s  not cor re la ted  with Reynolds num- 
be r ,  the study of tu rb ine  da t a  obtained a t  a l t i t u d e  on a l a rge  number of 
engines has  l e d  t o  the  conclusion t h a t  t u rb ine  performance and opera t ing  
margin a r e  adversely a f fec ted  by Reynolds number i n  much t h e  same manner 
as i n  the compressor. Therefore, t u rb ine  da t a  a l so  s t rongly  suggest t h a t  
continued development toward l a r g e r  s i z e  engines might wel l  a l l e v i a t e  t h e  
turb ine  performance lo s ses  a t  high a l t i t u d e s .  

Tailpipe.  - Closely associated with t h e  l o s s  i n  tu rb ine  e f f i c i ency  

For both engines t h e r e  w a s  approximately a twofold increase 
a t  a l t i t u d e  i s  t h e  increase  i n  t a i l p i p e  to t a l -p re s su re  l o s s  shown i n  
f i g u r e  16 .  
i n  pressure loss  as a l t i t u d e  w a s  r a i sed  from 40,000 t o  85,000 f e e t .  This 
r i s e  i n  t a i l p i p e  lo s ses  r e su l t ed  from increased tu rb ine -ou t l e t  Mach num- 
b e r s  a t  a l t i t u d e  ( f i g .  1 6 )  as t h e  tu rb ine  approached t h e  work l i m i t .  The 
compressibi l i ty  e f f e c t s  associated with higher Mach numbers throughout 
t h e  t a i l p i p e  r e su l t ed  i n  a r i s e  i n  t a i l p i p e  drag c o e f f i c i e n t  of about 75 
percent f o r  engine A and 40 percent f o r  engine B between a l t i t u d e s  of 
50,000 and 75,000 f e e t .  Consequently, t h e  t a i l p i p e  pressure l o s s  i n -  
creased not  only propor t iona l ly  with t h e  v e l o c i t y  head through t h e  t a i l -  
pipe,  b u t  a l s o  i n  proportion t o  t h e  increased drag c o e f f i c i e n t .  

Combustor. - It w a s  shown i n  f i g u r e  10 t h a t  about one-half of t h e  
increase i n  spec i f i c  f u e l  consumption a t  high a l t i t u d e s  when using JP-4 
f u e l  was a t t r i b u t a b l e  t o  reduced combustion e f f i c i ency .  When hydrogen 
f u e l  i s  considered f o r  h igh-a l t i tude  operat ion,  one important question 
i s  whether i t s  combustion e f f i c i ency  w i l l  a l s o  f a l l  o f f  at  high a l t i t u d e s  
i n  a s imilar  manner. I n  answering t h i s  question, two arrangements f o r  
t h e  use of hydrogen f u e l  should be considered. One arrangement, which 
might be appl icable  i n  a dua l - fue l  a i r c r a f t  t h a t  burned JP-4 f u e l  a t  low 
a l t i t u d e s  and hydrogen at high a l t i t u d e s ,  i s  t h e  use of hydrogen f u e l  
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i n  a standard combustor. The o ther  arrangement i s  t h e  use of hydrogen 
f u e l  i n  a combustor designed s o l e l y  f o r  t h i s  f u e l .  The following d i s -  
cussion descr ibes  t h e  performance of hydrogen f u e l  with these  two com- 
bus tor  arrangements. 

The va r i a t ion  of combustion eff ic iency f o r  t h e  standard combustor 
w i t h  a l t i t u d e  and combustor-inlet pressure i s  shown i n  f i g u r e  1 7  f o r  
both engines operat ing with JT-4 and hydrogen f u e l s  a t  r a t e d  engine 
speed and l imi t ing  turb ine-out le t  temperature. Combustion e f f i c i e n c i e s  
f o r  both f u e l s  dropped rap id ly  a t  a l t i t udes  above about 65,000 f e e t  and 
combustor-inlet pressures  below about 1500 pounds pe r  square f o o t .  With 
engine A, t h e  e f f i c i e n c i e s  nbtained with hydrogen f u e l  Were frorc 2 t e  6 
percentage poin ts  higher than those obtained w i t h  Jp-4  f u e l  a t  a l t i t u d e s  
between 70,000 and 75,000 f e e t .  However, w i t h  engine B, e f f i c i e n c i e s  
with hydrogen f u e l  were 2 t o  4 percentage poin ts  lower than  those ob- 
ta ined  with JP-4 f u e l  a t  a l t i t u d e s  where both f u e l s  w e r e  used. A t  an 
a l t i t u d e  of 85,000 f e e t  t h e  e f f ic iency  with hydrogen f u e l  had dropped 
t o  as low as 84 percent f o r  engine A and 79 percent f o r  engine B. 

Although t h e  e f f ic iency  l e v e l s  were not g r e a t l y  d i f f e r e n t  f o r  t h e  
two f u e l s ,  t h e  cornbustion l i m i t  of JP-4 f u e l  occurred a t  a combustor- 
i n l e t  pressure of about 700 pounds per  square foo t ,  whereas t h e  hydro- 
gen f u e l ,  as mentioned previously,  s t i l l  burned s t a b l y  a t  pressures  as 
low as about 450 pounds per square foot  ( f i g .  1 7 ) .  The a b i l i t y  of hy- 
drogen f u e l  t o  burn s t a b l y  a t  very l o w  pressures i n  a c o n v e n t i o n a l t u r -  
bo je t  combustor i s  a l so  indicated i n  reference 7 .  The combustor of r e f -  
erence 7 w a s  operated with hydrogen fue l  t o  a pressure as low as 233 
pounds per  square foo t  where combustion w a s  s t ab le ,  although t h e  combus- 
t i o n  e f f i c i ency  w a s  as low as 7 0  t o  75 percent.  

The f a c t  t h a t  t h e  combustion e f f ic ienc ies  obtained with hydrogen 
f u e l  were not appreciably d i f f e r e n t  from those obtained with JP-4 f u e l  
might be due t o  t h e  conventional tu rboje t  combustor's not  being properly 
matched t o  t h e  burning c h a r a c t e r i s t i c s  of t h e  hydrogen f u e l .  Some ex- 
periments were conducted i n  a combustor f a c i l i t y  t o  develop a combustion 
chamber t h a t  would accommodate and take f u l l  advantage of t h e  high flame 
speed of t h e  hydrogen f u e l  ( r e f .  8 ) .  
i n  t h e  design of t h i s  combustor: (1) t o  design t h e  primary burning zone 
around t h e  highly r eac t ive  combustion cha rac t e r i s t i c s  of t h e  fue l ;  and 
( 2 )  t o  shorten t h e  combustor length t o  take advantage of the high flame 
speed and, thus,  rap id  burning of t h e  hydrogen f u e l .  

Two bas ic  f a c t o r s  were considered 

A f u l l - s c a l e  hydrogen combustor ( f i g .  3 )  designed on t h e  basis of 
reference 8 and only about one-half as long as t h e  s tandard combustor 
w a s  i n s t a l l e d  and operated i n  engine A, as described i n  reference 9. 
The performance of t h i s  combustor is  compared with t h a t  obtained with 
the conventional rnmbiust.~rs of engfnes A and in f i g u r e  18. The corn- 
bus t ion  e f f i c i enc ie s  of t h e  sho r t  combustor var ied  from 88 t o  97 percent 
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at combustor-inlet pressures  of 500 t o  1200 pounds per  square foot ,  r e -  
spect ively.  
than those obtained with hydrogen f u e l  i n  t h e  standard combustor of en- 
gine A and 10 percentage poin ts  higher than those obtained with t h e  
standard combustor of engine B.  These gains were obtained with a con- 
f igura t ion  represent ing t h e  f i rs t  e f f o r t  a t  designing a hydrogen combus- 
t o r .  
y i e l d  addi t iona l  gains i n  combust ion e f f ic iency  . 

These e f f i c i e n c i e s  were about 3 percentage poin ts  higher 

Thus, it would appear that f u r t h e r  research i n  t h i s  a r ea  m i g h t  

It i s  bel ieved that t h i s  va r i a t ion  of blade temperature with a l t i -  
tude r e s u l t s  from a decrease i n  convective heat  t r a n s f e r  t o  t h e  blade 
from the gas stream while t h e  r ad ia t ion  from t h e  blade remains constant .  
Thus, the  s t a t o r  blades would seek a cont inual ly  lower equilibrium tem- 
perature as a l t i t u d e  is  increased. 

If t h e  t rends  of f i g u r e  1 9  are v a l i d  f o r  t h e  turb ines  ( ro to r s  as 
well  as s t a t o r s )  of engines A and B, t h e  turbines could have been oper- 
ated a t  i n l e t  temperatures 140' higher a t  75,000 feet ,  which would have 
o f f se t  t h e  e n t i r e  a l t i t u d e  e f f e c t  on cor rec t  t h r u s t  at t h i s  a l t i t u d e .  
However, f u r t h e r  inves t iga t ions  are required t o  determine whether t h i s  
r e l a t ion  e x i s t s  on o the r  engines and whether t h e  rotor-blade tempera- 
t u r e s  a r e  correspondingly lower at a l t i t u d e  . 

A most important contr ibut ion of th is  work with t h e  hydrogen com- 
bustor  i s  t h e  demonstration t h a t  combustor length  can be shortened ap- 
preciably,  i n  t h i s  case,  by about one-half .  
operate a t  high a l t i t u d e s  'with hydrogen f u e l  m i g h t  w e l l  t ake  advantage 
of t h i s  length  reduction t o  a f ford  a subs t an t i a l  reduction in engine 
we ight . 

Future engines designed t o  

Increased turb ine  temperature. - Recently obtained turb ine  s t a t o r -  
blade temperature measurements a t  a l t i t u d e s  up t o  about 80,000 feet  in- 
d ica t e  a p o s s i b i l i t y  of r a i s i n g  tu rb  ine- in le t  temperature a t  high a l t i -  
tudes by as much as 50° t o  150' F without overheating t h e  tu rb ine .  Such 
an increase i n  temperature would, of course, provide a subs t an t i a l  gain 
i n  thrus t  a t  high a l t i t u d e s .  The data are presented i n  f i g u r e  19, which 
shows the reduction i n  s ta tor-blade temperature with a l t i t u d e  f o r  a con- 
s t an t  turbine-  i n l e t  temperature and t h e  corresponding increase i n  turbine-  
i n l e t  temperature with a l t i t u d e  f o r  a constant s ta tor -b lade  temperature. 
As a l t i t u d e  was increased from 40,000 t o  75,000 f e e t  t he  s ta tor -b lade  
temperature decreased about 140' f o r  a turbine-  i n l e t  temperature of 
2100' R .  Conversely, t h e  tu rb ine - in l e t  temperature could be increased 
about 150' over t h e  same a l t i t u d e  range f o r  a s ta tor -b lade  temperature 
of 2oOOo R .  L i t t l e  e f f e c t  w a s  observed below an a l t i t u d e  of about 
40,000 f e e t .  



CONCLUDING REMARKS 

Operation with hydrogen f u e l  subs tan t ia l ly  extended the  a l t i t u d e  
operating limits while reducing specif ic  f u e l  consumption t o  about 40 
percent of that obtained with JF-4 fue l .  Combustion blowout limited 
operation with JP-4 f u e l  at an a l t i t u d e  of about 80,000 f e e t  and Mach 
number of 0.8, although combustion w a s  r e l a t i v e l y  uristable arid random 
blowouts occurred a t  a l t i t u d e s  above 60,000 f e e t .  I n  cont ras t ,  t h e  hy- 
drogen f u e l  burned s t ab ly  at a l t i t u d e s  as  high as 90,000 f e e t ,  which 
w a s  t h e  a l t i t u d e  l i m i t  or" tile f a c i l i t y .  A i  iiiese high a l t i i u & s  iiie 
compressor w a s  operating dangerously close t o  i t s  s ta l l  l i m i t ,  and t h e  
turb ine  w a s  r a p i d  1 y approaching i t s  work l i m i t .  If engine operat  ion 
could be extended above t h e  f a c i l i t y  a l t i t ude  l i m i t  of 90,000 feet, t h e  
operating c e i l i n g  of t he  engine would be imposed by e i t h e r  compressor 
s ta l l  or t h e  turb ine  work l i m i t .  Thus, engines intended t o  u t i l i z e  t h e  
extreme a l t i t u d e  operation afforded by hydrogen f u e l  should be designed 
with increased compressor and turbine operating margins. 

Al t i tude  e f f ec t s  on engine performance associated with increases  
i n  a l t i t u d e  up t o  about 75,000 f e e t  a t  a Mach number of 0.8 Lxposed net  
t h r u s t  l o s ses  as great  as 1 2  percent and increases i n  spec i f i c  f u e l  con- 
sumption of 12 t o  35 percent .  These performance losses were f o r  opera- 
t i o n  with a var iable-area exhaust nozzle, which allowed rated speed and 
temperature operation a t  a l l  a l t i t u d e s .  With a f ixed-area nozzle, max- 
imum engine speed w a s  so r e s t r i c t e d  at high a l t i t u d e s  by turb ine  temper- 
a t u r e  t h a t  t h e  lo s s  i n  maximum t h r u s t  was near ly  doubled. This d i f f e r -  
ence c l e a r l y  i l l u s t r a t e s  t h e  need f o r  a var iable-area exhaust nozzle on 
engines designed t o  operate at extreme a l t i t u d e s .  ' 

The compressor contributed the  major port ion of t h e  t h r u s t  l o s s  a t  
high a l t i t u d e s ,  and t h e  combustor caused most of t he  r ise in spec i f i c  
f u e l  consumption. 
co r re l a t ed  with a f i r s t - s t a g e  Reynolds number. 
that l a rge  engines are l i k e l y  t o  suf fer  l e s s  than small ones from high- 
a l t i t u d e  operation. However, t h e  r a t e  of performance loss  with Reynolds 
number d i f f e red  from one compressor t o  another, even though they were of 
very similar s i z e .  Consequently, it appears t h a t  t h e  performance var ia -  
t i o n s  with a l t i t u d e  a r e  a l s o  a function of some aerodynamic design var-  
i ab l e  of t h e  compressor, which means that increased engine s i z e  is  not 
t h e  so l e  f a c t o r  that w i l l  r e l i eve  t h e  a l t i t u d e  e f f e c t  on performance. 

The a i r  flow and eff ic iency of a given compressor 
Such co r re l a t ion  means 

Operation with hydrogen f u e l  in the standard combustors provided 
combustion e f f i c i enc ie s  f o r  one engine that were 2 t o  6 percent higher 
than t h e  e f f i c i e n c i e s  obtained with JP-4 f u e l ,  bu t  f o r  the o ther  engine 
were 2 t o  4 percent lower t h a n s h o s e  obtained with JP-4 fue l .  
combustor spec i f i ca l ly  designed' t o  operate with hydrogen f u e l  provided 
s i p - i f i c a o t .  i_ocreases i n  cnmhiistion eff ic iency over t h e  values obtained 
when burning hydrogen f u e l  i n  the  standard-engine combustors. 

A 

I n  
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a d d i t i o n ,  t h i s  combustor was only about one-half t h e  length of conven- 
t i o n a l  tu rboje t  combustors, thus of fe r ing  t h e  p o s s i b i l i t y  of reduct ions 
in the length and, thus,  weight of f u t u r e  engines. 

The p o s s i b i l i t y  of r e a l i z i n g  a subs t an t i a l  t h r u s t  gain a t  high a l t i -  
tudes was indicated by turbine s ta tor -b lade  temperature measurements t h a t  
showed a reduction in  turb ine  s ta tor-blade temperature of 140' F as t h e  
a l t i t u d e  w a s  increased t o  80,000 feet  at  rated tu rb ine - in l e t  temperature. 
Further invest igat ion is ,  of course, required t o  determine whether such 
a var ia t ion e x i s t s  i n  the  ro to r  blades, and whether it i s  common t o  
other engines. 

L e w i s  Fl ight  Propulsion Laboratory 
National Advisory Committee f o r  Aeronautics 

Cleveland, Ohio, June 11, 1956 
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APPENDIX - SYMBOLS 

area, sq f t  

chord length 

Mach number 

r o t a t i o n a l  speed, r p m  

t o t a l  pressure,  lb/sq f t  

Reynolds number 

vel  o c it y , f t  / s ec 

Y weight flow, lb/hr - 
funct ion of r ,  - 0.74(y- - ; 1y-l 

Y 
rat  i o  of spec i f  i c  heats  

r a t i o  of t o t a l  pressure t o  NACA standard sea- level  pressure of 
2116 lb/sq f t  

r a t  i o  of t o t a l  temperature t o  NACA standard sea- leve l  temperature 
of 518.7' R 

ef f ic iency  

absolute  v iscos i ty ,  lb-sec/sq f t  

densi ty ,  slugs/cu f t  

Subscr ipts :  

a a i r  

B combust or 

C compressor 

cie'it'icai cr 

f f u e l  

g gas 
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exhaust nozzle 

ne t  

t u b  ine  

st  andard-ngine t a i l p i p e  

f r e e  stream 

compressor inlet 

c ompre s s o r  out l e t  

combustor o u t l e t  

t u rb  ine  out l e t  
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Gaseous 
f u e l  

Combustor 
l i n e r  

A i r  

/- 
( a )  Engine B; cannular combustor. 
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Combustor 
outer she l l  
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(b) Engine A; annular combustor. 

Figure 1. - Schematic drawing of fue l - in jec tor  ins ta l la t ions  f o r  operation 
with gaseous-hydrogen f u e l .  
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Figure 4. -- Comparison of Mach number and pressure 
variations through ta i lpipe diffuser  and through 
conventional t a i lp ipe  with choked exhaust nozzle. 
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(a) Single-shielded thermocouple. 

NACA RM E56E24 

h 

(b)  Double- shielded - asp i r a t ed  thermocouple. 

Figure 5. - Detai ls  of t a i l p i p e  thermocouples. 
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(b)  Engine B.  

Figure 6 .  - Concluded. A l t i t u d e  ope ra t ing  l i m i t s  a t  f l i g h t  
Mach numher of 0.8. 
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Figure 7. - Concluded. Altitude effect on performance for two modes of opera- 
tion at rated exhaust-gas temperature. Flight Mach number, 0.8. 
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Figure 8. - Compressor maps with ra.ted operating points superim- 
posed. Flight Mach number, 0.8. 
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Figure 8. - Concluded. Compressor maps with r a t e d  opera t ing  po in t s  
superimposed. F l i g h t  Mach number, 0.8. 
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Figure 11. - Effect of altitude on compressor performance at rated cor- 
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(a) Engine A. 

Figure 12. - Effect of altitude on compressor stall limit at flight Mach 
number of 0.8. 
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F igure  1 2 .  - Concluded. E f fec t  of  a l t i t u d e  on compressor s t a l l  l i m i t  
a t  f l i g h t  Mach number of 0.8. 
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Figure 13. - Variation of compressor performance with chord Reynolds 
numher at rated corrected speed and rated compressor pressure ratio. 



80 

75 

70 

105 

Engine - i 

Figure 14. - Effect  of a l t i t u d e  on turbine performance a t  constant cor-  
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turbine temperature). 
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Figure 16. - Effect of altitude on tailpipe losses and turbine-outlet 
Mach number at rated engine speed and exhaust-gas temperature. 
Mach number, 0.8. 
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Figure 17. - Variation of combustion efficiency with altitude and combustor- 
inlet pressure. 
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(a) Turbine-inlet temperature, 2100' R. 

Altitude, ft 

(b) Stator-blade temperature, 2000° R. 

Figure 19. - Effect of altitude on relation between turbine stator- 
blade and turbine-inlet temperatures. 
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Figure 18. - Comparison of combustion efficiency with gaseous hydro- 
gen in a short combustor designed for hydrogen and in two combus- 
t o r s  designed for JP-4 fuel. 


